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A B S T R A C T

Invasive feral swine (Sus scrofa) cause deleterious impacts to ecosystem processes and functioning

throughout their worldwide distribution, including forested ecosystems in the United States.

Unfortunately, many feral swine damage management programs are conducted in a piecemeal fashion,

are not adequately funded, and lack clearly stated or realistic objectives. This review paper identifies

damage caused by feral swine to forest resources and presents techniques used to prevent and control

feral swine damage. Concluding points related to planning a feral swine damage management program

are: (1) the value of using a variety of techniques in an integrated fashion cannot be overstated; (2) there

is value in using indices for both feral swine populations and their damage pre and post management

activities; (3) innovative technologies will increasing be of value in the pursuit of feral swine damage

reduction; and (4) though not appropriate in every situation, there is value in involving the public in feral

swine damage management decisions and activities.

Published by Elsevier B.V.
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1. Introduction

Invasive feral swine (Sus scrofa) cause deleterious impacts to
ecosystem processes and functioning throughout their worldwide
distribution, including forested ecosystems in the United States.
The geographic distribution and abundance of feral swine are
increasing in the United States, where they cause an estimated
$800 million in losses each year (Pimentel et al., 2005). Forest and
* Corresponding author. Tel.: +1 361 593 2426; fax: +1 361 593 4311.

E-mail address: tyler.a.campbell@aphis.usda.gov (T.A. Campbell).

0378-1127/$ – see front matter . Published by Elsevier B.V.

doi:10.1016/j.foreco.2009.03.036
natural resource managers are beginning to recognize the
significant threat these exotic ungulates pose to forested
ecosystems (Seward et al., 2004) and are implementing feral
swine damage management programs throughout their range.
Unfortunately, many of these feral swine damage management
programs are conducted in a piecemeal fashion, are not adequately
funded, and lack clearly stated or realistic objectives. Under these
situations, additional guidance is needed relating feral swine
damage identification and management.

Several step-wise components will increase the likelihood of
success of feral swine damage management programs (Hone,
1994; Conover, 2002; VerCauteren et al., 2005). First, the problem
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should be clearly identified, including the types and timing of
damage being caused, and other biological, ecological, or socio-
logical issues relating to the conflict. Second, an understanding of
the ecology and life history of feral swine as they relate to the
conflict should be obtained. Third, selection and implementation of
the most effective, cost-efficient, humane, and socially acceptable
management techniques using information gained through steps 1
and 2 to reduce the conflict, should take place. Lastly, an
assessment of the reduction in damage over time, considering
multiple factors such as costs and impact of management action on
feral swine and non-target populations, should be performed to
evaluate the effectiveness of the program. This brief review paper
concentrates on the first and third of the abovementioned
components in the context of a feral swine damage management
in forested ecosystems. Specifically, damages caused by feral swine
to forest resources are identified and techniques used to prevent
and control feral swine damage are presented.

2. Damage and damage identification

In many areas feral swine are nocturnal and visible ‘‘signs’’,
rather than direct observation, may have to be used to determine
their presence (Taylor, 2003). These signs are relatively easy to
distinguish from those left by native wildlife, and include tracks,
trails, wallows, rooting, rubs, scat, and fence crossings (Barrett and
Birmingham, 1994; Stevens, 1996; Taylor, 2003; Mapston, 2004).
Feral swine tracks may be the most difficult type of sign to
distinguish because of their resemblance to other ungulates,
including white-tailed deer (Odocoileus virginianus), collared
peccaries (Pecari tajacu), and domestic sheep and goats. Dis-
criminating features of feral swine tracks are their blunt or
rounded appearance at the tip of the toes; these form an overall
square or round track shape (Stevens, 1996). Alternatively, white-
tailed deer tracks are pointed and form a heart shape (Mapston,
2004). Both feral swine and white-tailed deer have 2 dew claws on
each foot. However, collared peccaries lack outer dew claws on
their hind feet and have a small track to body size ratio (Sowls,
1997). Given the comparatively smaller body size of collared
peccaries (adult mean = 20 kg; Hellgren and Bissonette, 2003),
they generally have smaller tracks than feral swine.

Rooting (i.e., digging, grubbing, or plowing) at and below the
soil surface is frequently observed when feral swine are present in
an area, particularly during the winter and early spring when food
is scarce (Dickson et al., 2001). Feral swine often use their snouts
and keen olfaction to search for and use food resources within this
nutrient-rich soil horizon (Conover, 2007). If soil conditions are
favorable, feral swine can root to a depth �1 m (Mapston, 2004).
Among agricultural producers, rooting by feral swine is the most
widespread source of conflict (Stevens, 1996; Dickson et al., 2001).
Feral swine rooting activities repeatedly damage farm equipment
and vehicles, and injure livestock (Stevens, 1996; Taylor, 2003).
Rooting by feral swine can decimate agricultural crops, pastures,
and native plants, and can cause soil erosion (Barrett and
Birmingham, 1994). In Australia, the frequency of occurrence of
rooting has been used as an index of damage (Hone, 1995).

Equally identifiable are wallows created by feral swine.
Wallows (i.e., depressions in mud, often filled with water) are
created by the loafing, rolling, and rooting of feral swine (Stevens,
1996) and can be found in many low-lying, wet areas (Dickson
et al., 2001). Feral swine, which lack sweat glands, will visit
wallows >twice/day during the warm months to aid in their
thermoregulation. However, wallows used habitually may produce
contaminated riparian habitats (Stevens, 1996).

Feral swine rubs are frequently found in association with
wallows in the warm months (Stevens, 1996) and are character-
ized by wet or dry mud-coated surfaces. Rubbing functions to
remove excess or dried mud, hair, and ectoparasites. Feral swine
commonly use trees, fallen logs, fence posts, utility poles, and rocks
as substrates on which to rub, but have a preference for rubbing on
creosote-treated posts (Stevens, 1996; Dickson et al., 2001). The
height of the rub can be used to reveal the relative size of the feral
swine that made it (Taylor, 2003). Scats, trails, and hair left at fence
crossings are other sources of evidence used to determine the
presence of feral swine.

2.1. Forest plantation damage

Feral swine can cause extensive damage to agricultural
resources, including row crops and forest plantations. Feral swine
damage within forest plantations primarily occurs within the
seedling stage of development (Sweeney et al., 2003). Feral swine
root up seedlings and consume roots of recently planted pines
(Wakely, 1954; Conley et al., 1972; Lucas, 1977; Lipscomb, 1989)
and hardwoods, such as cherrybark (Quercus pagoda) and swamp
chestnut oak (Q. michauxii; Dickson et al., 2001), often resulting in
regeneration failure. Groot Bruinderink and Hazebroek (1996)
evaluated soil chemistry and forest regeneration within Scots pine
(Pinus sylvestris) plantations used by feral swine in the Nether-
lands. They characterized rooting as (1) superficial litter rooting,
(2) organic topsoil rooting, and (3) mineral soil rooting and
compared rooted to non-rooted plots (Groot Bruinderink and
Hazebroek, 1996). They found regeneration of oaks (Quercus spp.)
and beech (Fagus sylvestris) were negatively related to rooting
frequency and that no differences within other species, soil pH,
organic matter, and N-contents occurred (Groot Bruinderink and
Hazebroek, 1996).

2.2. Forested ecosystem damage

Feral swine may cause their greatest damage to environmen-
tally sensitive areas and other natural ecosystems of conservation
concern (Chavarria et al., 2007; Engeman et al., 2007b). Feral swine
damage has been described for several, such as those occurring
within rain forests. For example feral swine damage rain forests of
the Pasoh Forest Reserve in Peninsular Malaysia, by reducing
recruitment and growth of saplings (Ickes et al., 2001, 2003, 2005)
and increasing the occurrence of the invasive shrub Clidemia hirta

(Peters, 2001). Within a closed Hawaiian rain forest in the Kipahulu
Valley of Maui, feral swine destroyed native forests by replacing
the native flora with exotic species, such as strawberry guava
(Psidium cattleianum), which they readily dispersed (Diong, 1982).
In the Kilauea Forest Reserve of Hawaii, feral swine rooting
prevented regeneration of young plants and modified forest
structure and composition (Ralph and Maxwell, 1984). Similarly,
within rain forests in Hawaii Volcanoes National Park, soil
arthropods and biomass increased by 2 and 2.5 times, respectively,
7 years following feral swine removal (Vtorov, 1993). In north
Queensland rain forests, feral swine reduced the number of
seedlings and seedling survival (Mitchell et al., 2007). Clearly, feral
swine damage to rain forest ecosystems can be great.

Feral swine also cause substantial damage within deciduous
forests. Exhaustive work within the Great Smoky Mountains
National Park and adjacent Tellico Wildlife Management Area in
the Cherokee National Forest of Tennessee and North Carolina
illustrate many of these ecosystem damages. For example, feral
swine compete for acorns (Quercus spp.) and hickory nuts (Carya

spp.) with native wildlife during poor or fair mast years (Henry and
Conley, 1972); feral swine rooting activities in beech forest
understories was such that they were not likely to recover (Bratton,
1975); feral swine reduced herbaceous and belowground forages
within mesic communities such that recovery would take�3 years
(Howe et al., 1981); rooting by feral swine mixed the A1 and A2
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soils horizons and reduced ground vegetative cover and leaf litter,
which nearly extirpated northern short-tailed shrews (Blarina

brevicauda) and southern red-backed voles (Clethrionomys gapperi)
from intensively rooted areas (Singer et al., 1984); and feral swine
rooting increased growth rates of American beech (F. grandifolia)
(Lacki and Lancia, 1986).

Feral swine damage is not limited to deciduous forests within
the Appalachian Mountains. For example, feral swine caused
extensive damage to recently planted hardwood seedlings within a
wetland restoration area of South Carolina (Mayer et al., 2000).
Additionally, feral swine actively search for and excavate cached
acorns within burrows of small mammals in woodlands of Italy
(Focardi et al., 2000). Similarly, within oak woodland ecosystems of
California, feral swine reduced acorn survival and the availability
of acorns for germination and consumption by native wildlife
(Sweitzer and Van Vuren, 2002).

An underlying theme for most of the above investigations is
that feral swine damage ecosystem processes often through their
rooting, which alters soil properties and its nutritive properties. For
example, rooting can accelerate leaching of calcium, copper,
magnesium, phosphorus, and zinc from the soil (Singer et al.,
1984), negatively impact soil building processes (Ford and Grace,
1998), accelerate rates of soil erosion (Sierra, 2001), and reduce soil
magnesium, potassium, microbial activity, and the abundance of
predatory soil arthropods (Mohr et al., 2005). Feral swine can also
alter aquatic vertebrates and microbes within watersheds (Kaller
and Kelso, 2006) and damage wetland habitats (Engeman et al.,
2007a).

In addition to competing with native wildlife for limited
resources, feral swine also cause direct mortality through
predation. For example, feral swine have been implicated in local
extinctions of the endangered Hutton’s shearwater (Puffinus

huttoni) in New Zealand (Cuthbert, 2002) and threaten local
persistence of snake-necked turtles (Chelodina rugosa) in northern
Australia (Fordham et al., 2006). Additionally, there are countless
other species, such as shrub- and ground-nesting birds (Rollins and
Carroll, 2001; Schaefer, 2004), in which predation by feral swine
occurs with unknown effects to the prey populations. Feral swine
may also function as prey and artificially increase the abundance of
other predators. For example, work in the California Channel
Islands suggests that feral swine have sustained a large breeding
population of golden eagles (Aquila chrysaetos), which in turn have
caused the near extirpation of 3 subspecies of island fox (Urocyon

littoralis) through increased predation (Roemer et al., 2001, 2002;
Knowlton et al., 2007).

3. Damage management

Similar to other invasive species in the United States, the most
plausible means to manage feral swine damage in areas where they
do not occur is to prevent their arrival and establishment. This,
however, is no simple feat and has been met with limited success.
For example, Gipson et al. (1998) described recently established
(since 1988) feral swine populations in Colorado, Kansas, Missouri,
Kentucky, Illinois, Indiana, Ohio, and West Virginia. Today, feral
swine populations have continued their northern expansion into
Oregon, Nebraska, Iowa, Pennsylvania, Minnesota, Wisconsin, and
New Jersey. By all indication, the expansion of feral swine
populations in the United States will continue without regulations
aimed at curbing clandestine and accidental releases, the
enforcement of existing and new regulations, and a general
increase in public understanding and awareness of the conflict
(e.g., see Rollins et al., 2007). Therefore, many natural resource
agencies, landowners, and managers will increasingly be imple-
menting feral swine damage management programs (e.g., see State
of Hawaii, 2007). With Australia’s long history of feral swine
damage management as evidence, Izac and O’Brien (1991)
recommend that first and foremost these programs should be
flexible. The techniques used by these programs, and described
below, are both conventional and innovative. Legal, social, and
economic issues related to these damage management techniques
should be explored before implementation (Conover, 2002).
Practitioners are encouraged to peruse Littauer (1993), Mapston
(2004) and Hartin (2006) for more comprehensive ‘‘how to’’
presentations for many of these techniques and contact local USDA
APHIS Wildlife Services or state wildlife agency personnel for
technical assistance. Additionally, the advantages and disadvan-
tages for many of the techniques mentioned have been summar-
ized (Table 1).

3.1. Fencing and diversion

Comparative studies among fence designs to either exclude
feral swine or inhibit their movements into sensitive forested areas
are few. In a captive setting in Australia no incursions by feral
swine through fine-mesh hog paneling were observed and when
electricity was applied to the other 7 fence designs, incursions
were reduced (Hone and Atkinson, 1983). Additionally, in a captive
setting in southern Texas, electrified polywire reduced incursions
for 1, 2, and 3 stranded fences, with 2 and 3 stranded fences
demonstrating 50 and 40% fewer incursions than the 1-stranded
fence, respectively (Reidy et al., 2008). These data were further
validated in rangeland and cropland settings (Reidy et al., 2008).
Nevertheless, both electrified and non-electrified fencing are
regularly used as part of feral swine damage management
programs. For example, electric fencing was used to control feral
swine movement to lambing areas in New South Wales, Australia
(Pavlov et al., 1981); to preclude future immigration following feral
swine removal in Annadel State Park, California (Barrett et al.,
1988); to partition feral swine management units in Haleakala
National Park, Hawaii (Anderson and Stone, 1993); to augment
other feral swine control measures in Hawaii Volcanoes National
Park (Katahira et al., 1993); to exclude feral swine in lamb
predation experiments in Australia Choquenot et al. (1997); to
monitor and assess regeneration dynamics in the Netherlands
(Kuiters and Slim, 2002); and to create feral swine management
units in California Wilcox et al. (2004). Practitioners should
consider the cost of fence construction and maintenance costs
before using this technique (VerCauteren et al., 2005).

Using bait to divert feral swine away from seasonally available
resources has only recently received attention in the literature. For
example, in southeastern France, less damage was found to
vineyards where large quantities of corn were distributed in the
adjacent woods to divert feral swine from grape production areas
(Calenge et al., 2004). However, bait (e.g., corn, fruits, potatoes, and
manufactured pellets) dispersed adjacent to cropland was
ineffective at reducing feral swine damage in Switzerland (Geisser
and Reyer, 2004). Although diversion is an attractive method for
reducing feral swine damage, practitioners should consider its
cost, impact on feral swine population sizes, and appropriateness
as only a short-term solution (Conover, 2002). An additional form
of diversion, which might be considered habitat modification, has
been used in the Netherlands. Here, a 50 m wide motorway wildlife
overpass was constructed to connect suitable habitats and reduce
wildlife-vehicle collisions. These wildlife overpasses were used
heavily by feral swine (8.3 incursions/night; Van Wieren and
Worm, 2001).

3.2. Trapping

Feral swine traps come in an assortment of configurations from
manufactured traps to homemade varieties. Live traps, such as



Table 1
Advantages and disadvantagesa (excluding social and legal considerations) of techniques available to manage feral swine damage in the United States.

Technique Advantages Disadvantages

Fencing Effective when well constructed and maintained Resources may be damaged in adjacent areas

Non-lethal Expensive to build and maintain

May be used to help define management units

Cage or corral traps Multiple animals can be obtained at once Higher cost where accessibility is limited

May be non-lethal Less effective when natural foods are abundant

Can be used where snare anchor points are limited Some animals become shy of traps

Non-target animals may be released unharmed Must be checked regularly

Can be used in residential areas May be cumbersome to move and transport

May catch animals that have developed avoidance behavior to other methods

Snares Least expensive technique Non-target animals may be susceptible

Effective at low population densities Only one animal can be obtained at once

May catch wary animals for which other techniques fail Large animals sometimes break snares

Cannot be used where snare anchor points are limited

Aerial shooting Highly selective in that only target animals are removed Expensive

Damage is reduced immediately Less effective where animals have significant cover

Rapid removal of many animals Can be hazardous, particularly in rugged topography

Effective for removal of remnant animals following other techniques Weather conditions can cause scheduling conflicts

Ground shooting May be conducted during nocturnal hours Can be time and labor intensive

Highly selective Low success rates where population densities are low

May remove trap wary animals May be limited by access

Complements other techniques

May provide public access to hunting resources

Hunting with dogs Effective for target animals that have evaded other techniques Dogs may be injured or killed when baying large animals

Many animals may be removed in a short time Training dogs is labor intensive

Effective where population densities are high Insufficiently trained dogs may take non-target animals

Can be used in residential areas Limited by heat stress to dogs during the warm months

May provide public access to hunting resources

a Modified from State of Hawaii (2007) and Littauer (1993).
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cage (or box) and corral traps, are typically baited with corn and
other grains in either a fresh or fermented condition (e.g., see
Matschke, 1962; Belden and Frankenberger, 1977; Foreyt and
Glazener, 1979), though carrion has also been used (Littauer,
1993). However, bait consumption by non-target animals is often
high at trap sites (Hartin, 2006), thereby increasing management
costs. This has led researchers to evaluate various attractants or
lures for feral swine to be used as part of a management program.
In Australia, researchers found no differences among creosote, fish
stock, meatmeal, molasses, and vanilla attractants for captive,
wild-caught feral swine (Elsworth et al., 2004). Similar findings
have been reported for feral swine in the Great Smoky Mountains
National Park of Tennessee and North Carolina (Peine and Farmer,
1990). However, among a suite of 11 candidate flavors, strawberry
was found to be a specific attractant for feral swine in southern
Texas (Campbell and Long, 2008). Using sows in estrus as lures to
aid feral swine trapping efforts has also been evaluated in Australia
with mixed results (Choquenot et al., 1993; McIlroy and Gifford,
2005). At present, universal feral swine lures to augment grain bait
in trapping efforts have not been identified.

The live capture of feral swine has been practiced for decades
(Matschke, 1962; Belden and Frankenberger, 1977) and modifica-
tions to traps have been suggested (Foreyt and Glazener, 1979;
Sweitzer et al., 1997), in many cases evolving with management
programs (Peine and Farmer, 1990). Generally, live traps consist of
welded or otherwise secure heavy gauge paneling of fine mesh
(e.g., 10 cm � 10 cm, Sweitzer et al., 1997; 50 mm � 50 mm, Caley,
1994) with steel tubing or t-posts as frames. Live traps may be
completely enclosed in a cage formation (Sterner and Barrett,
1991; Katahira et al., 1993; Fournier et al., 1995; Wyckoff et al.,
2006) or open in a corral formation (Choquenot et al., 1993; Caley,
1994; Saunders et al., 1993). A key component of live traps is their
gate and top-hinged swing gates or ‘‘root doors’’ (Belden and
Frankenberger, 1977; Sterner and Barrett, 1991; Choquenot et al.,
1993; Saunders et al., 1993; Sweitzer et al., 1997), drop gates
(Foreyt and Glazener, 1979; Caley, 1994; Fournier et al., 1995), and
side-hinged spring gates (Sweitzer et al., 1997) which have been
used with success. Also, camouflaging traps with natural vegeta-
tion may increase trapping success (Katahira et al., 1993). The
effectiveness of live traps may vary seasonally (Barrett et al., 1988;
Saunders et al., 1993; Caley, 1994; Wyckoff et al., 2006) and sex
biases may occur (Choquenot et al., 1993). In several instances, live
traps have been determined more effective than other techniques
(Sterner and Barrett, 1991).

Despite their high use in feral swine damage management
programs in some areas, snares are the least studied damage
control technique available (Littauer, 1993; Mapston, 1999). This
may be because Australian colleagues who are at the forefront of
feral swine damage control research have not found the technique
to be socially acceptable (Cowled and Lapidge, 2004). Snare traps
are a lethal technique and consist of a steel cable formed into a loop
and anchored to a secure object or drag. Feral swine are captured
when the loop cinches around the animal as it travels through a
confined area, such as holes under or within barbed wire fences
(Littauer, 1993). Snare traps have been used to eradicate feral
swine from the Kipahulu Valley within the Haleakala National
Park, Hawaii (Anderson and Stone, 1993) and were more efficient
than ground hunting over a 15-year period in Hakalau National
Wildlife Refuge, Hawaii (Hess et al., 2006).

3.3. Shooting

In many situations, public hunting alone has been found to be
insufficient at reducing feral swine damage because only small
numbers of animals are removed on a sustained basis (Barrett and
Pine, 1980; Updike and Waithman, 1996; Zivin et al., 2000). For
example, public hunting did not control feral swine populations in
France (Baubet et al., 2004) or reduce agricultural damage in
central Italy (Mazzoni della Stella et al., 1995). Additionally, public
hunting was less efficient than snaring in a tropical montane
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rainforest in Hawaii (Hess et al., 2006) and trapping on Santa Cruz
Island, California (Sterner and Barrett, 1991). However, in Switzer-
land, public hunting (compared to diversion feeding and fencing)
reduced damage caused by feral swine (Geisser and Reyer, 2004),
and in Florida, feral swine damage to seepage slopes were 2 times
greater in unhunted areas compared to hunted areas (Engeman
et al., 2007b). Furthermore, there is evidence that the demand for
sport hunting opportunities for feral swine is increasing across
portions of their range (Rollins, 1993). Consequently, there is value
in including sportspersons who are interested in feral swine as a
harvestable resource in management programs (Mansfield, 1978;
Tisdell, 1980; Seward et al., 2004), perhaps employing a
cooperative approach (Robinson et al., 2005). However, caution
should be taken when considering the sole reliance on public
hunting to control damage caused by this invasive species, as this
approach has been largely unsuccessful.

Controlled shooting by skilled sharpshooters is another
technique available to reduce feral swine damage in some regions
and scenarios. Controlled shooting is often only implemented as
part of an integrated management program by agency biologists or
other trained personnel, and therefore may not be an option in
some situations. This technique may include the use of bait
stations, spotlights (Mapston, 2004), night vision equipment
(Adams et al., 2006), and noise suppression devices (with special
permits, as appropriate). On Santiago Island, Galapagos, Ecuador,
controlled shooting was moderately effective at controlling feral
swine populations (Coblentz and Baber, 1987). The advantages of
the technique are that many animals can be removed over a short
duration and the technique is selective because it targets the
culprits causing the damage (Adams et al., 2006).

Using dogs to locate, bay, and hold feral swine for subsequent
removal can be effective at reducing damage when well-trained
dogs and skilled hunters are employed (Mapston, 2004) and is
popular in the southern United States as a recreational activity
(Dickson et al., 2001). In Annadel State Park, California, hunting
with dogs was successful in all seasons (Barrett et al., 1988) and at
Hawaii Volcanoes National Park, feral swine were eradicated
primarily through the use of hunting dogs (Katahira et al., 1993).
However, as with many of the other techniques mentioned,
hunting feral swine with dogs is best used in conjunction with
other control techniques in an integrated management program.
For example, hunting with dogs was effective at removing residual
feral swine following reduction with other methods in Australia
(McIlroy and Saillard, 1989; Caley and Ottley, 1995) and on
Santiago Island, Galapagos, Ecuador (Cruz et al., 2005).

There has been considerable interest in the scientific literature
aimed at whether or not dog hunting functions to alter movements
or disperse feral swine. In the Namadgi National Park, Australian
Capital Territory, hunting with dogs did not cause feral swine to
disperse (McIlroy and Saillard, 1989). However, in southern and
northeastern France, dog hunting caused feral swine to maintain
larger home ranges, but similar core areas (Calenge et al., 2002).
Behavioral plasticity was also demonstrated in Lower Saxony,
Germany where 60% of feral swine remained within their home
ranges following hunting with dogs and 40% moved �6 km, but
returned within 6 weeks (Sodeikat and Pohlmeyer, 2003). Others
determined dog hunting to be the primary disturbance of feral
swine in southern France which caused increased daily move-
ments and larger home range sizes (Maillard and Fournier, 1995).

In some locales, shooting feral swine from either a fixed wing
aircraft or helicopter is a legal and effective technique for
controlling damage. As with controlled ground shooting, aerial
shooting should be implemented by agency biologists or other
trained personnel and may require special licenses or permits
(Mapston, 2004). Though comparatively expensive, aerial shooting
reduces damage from feral swine quickly and is selective (Littauer,
1993; Saunders, 1993). However, the use of this technique is
limited to areas without dense vegetative cover or rough terrain
(Hone, 1983; Mapston, 2004), which precludes its use in many
forested ecosystems.

Research involving the effectiveness of aerial shooting at
reducing feral swine damage and the influence of the technique on
feral swine movements are lacking from the United States.
However, colleagues in Australia found removal rates of feral
swine to range from 65 to 97% using aerial shooting (Hone, 1983;
Saunders and Bryant, 1988; Hone, 1990; Saunders, 1993), with
success depending upon the availability of refuge habitat,
population density, and habituation to aerial shooting by feral
swine (Choquenot et al., 1999). Nonetheless, in western New South
Wales, 1 year following an initial aerial shooting campaign,
populations had recovered to 77% of the their original levels,
suggesting that annual campaigns may be needed to keep damage
within acceptable limits due to increased immigration and other
factors (Saunders, 1993). In both western and northwestern New
South Wales, feral swine did not alter their movements in response
to aerial shooting (Saunders and Bryant, 1988; Dexter, 1996).

Another innovative technique that has been proposed to reduce
feral swine damage involves placing radio transmitters on trapped
animals and tracking them following release to reveal the location
of other feral swine in the area (Littauer, 1993; McIlroy, 1995;
Richardson et al., 1997). This method has been coined the Judas pig
technique and exploits the social attributes of feral swine. On large
tracts of land involving discontinuous populations, Judas pigs may
provide information on where to target feral swine control efforts
(McIlroy and Gifford, 2005). For example, in the Namadgi National
Park, Australian Capital Territory, the Judas pig technique has been
used successfully to determine where to distribute toxic baits
(McIlroy and Gifford, 1997). Similarly, the technique was found
useful at reducing time spent locating feral swine when integrated
with other methods, such as ground and aerial shooting, trapping,
and hunting with dogs in Santa Clara County, California (Wilcox
et al., 2004). Sows trapped locally have been found to make
superlative Judas pigs (McIlroy and Gifford, 1997; Wilcox et al.,
2004).

3.4. Toxicants

There are no toxicants registered by the United States
Environmental Protection Agency for use on feral swine in the
United States. One critical step for registering a feral swine toxicant
(or other orally delivered pharmaceuticals, such as vaccines) is the
development a feral swine-specific oral delivery vehicle or bait. In
the United States, investigations involving feral swine baits are
scarce. On Ossabaw Island, Georgia, researchers found oral delivery
of pharmaceuticals to feral swine was feasible (Fletcher et al.,
1990) and baits could be used to deliver pharmaceuticals to feral
swine (Kavanaugh and Linhart, 2000). These studies found high
removal and consumption of baits by feral swine and non-target
animals, such as raccoons (Procyon lotor; Fletcher et al., 1990;
Kavanaugh and Linhart, 2000). In southern Texas, researchers
found high visitation by feral swine, raccoons, collared peccaries,
coyotes (Canis latrans), white-tailed deer (Odocoileus virginianus),
striped skunks (Mephitis mephitis), and opossums (Didelphis

virginiana) to manufactured baits (Campbell et al., 2006; Campbell
and Long, 2007). However, these manufactured baits were near-
specific to feral swine in Australia (Cowled et al., 2006a,b), which
maintains fewer omnivorous non-target mammals. The pursuit of
a feral swine-specific oral pharmaceutical delivery system in the
United States will continue.

In Australia, early toxicant research was conducted in captive
settings and focused on dyed grain as a delivery vehicle (Hone
et al., 1985; Kleba et al., 1985), the sensitivity, intake, and toxicity
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of sodium fluoroacetate (compound 1080; McIlroy, 1983; O’Brien,
1988; O’Brien et al., 1988) and warfarin (Hone and Kleba, 1984;
O’Brien and Lukins, 1990), the influence of anti-emetics when
delivered with compound 1080 (Rathore, 1985; O’Brien et al.,
1986), and model parameterization (Hone, 1992). This research
was subsequently augmented by studies on free-ranging feral
swine, including bait uptake and consumption studies (McIlroy
et al., 1993; Choquenot and Lukins, 1996), compound 1080 intake
(O’Brien and Lukins, 1988), risk assessments to non-target animals
(McIlroy, 1992; Twigg et al., 2005a), the effectiveness of ground
baiting campaigns with compound 1080 (Hone and Pedersen,
1980; Hone, 1983; Twigg et al., 2005b; Cowled et al., 2006a; Twigg
et al., 2006, 2007) and warfarin (McIlroy et al., 1989; McIlroy and
Saillard, 1989; Saunders et al., 1990; Choquenot et al., 1990), and
the effectiveness of aerial baiting campaigns (Mitchell, 1998;
Fleming et al., 2000). Compound 1080 and warfarin have also been
used to eradicate feral swine from Santiago Island in the Galápagos
archipelago, Ecuador (Coblentz and Baber, 1987; Cruz et al., 2005).
Additional toxicants are being identified and evaluated that exploit
physiologic vulnerabilities of feral swine (Cowled et al., 2008).

The exhaustive research into toxicants and their efficacious
application in Australia and within insular populations has been
fueled largely by the extensive damage caused by invasive feral
swine and the corresponding acceptance of the technique by the
public. Taken as a whole, the United States citizenry has not yet
reached this point and, at present, finds the use of toxicants in feral
swine damage management socially unacceptable. If trends in
distribution, abundance, and damage continue in the United States
for this invasive species, it is conceivable that toxicants may be
developed and registered for use on feral swine populations in the
future, following Australia’s lead (Seward et al., 2004).

3.5. Fertility control

There is no fertility control agent registered by the United States
Environmental Protection Agency for use on feral swine in the
United States. However, work by USDA APHIS Wildlife Services’
National Wildlife Research Center scientists and their colleagues
has identified a single injection gonadotropin-releasing hormone
(GnRH) vaccine as effective in controlling fertility of feral swine
(Killian et al., 2006) and found favorable results for a second
generation recombinant GnRH vaccine that may be small enough
to be effective when administered orally (Miller et al., 2006). More
research on these and other fertility control agents is needed
before science-based prescriptions can be formulated and products
can be registered and made available (Fagerstone et al., 2006).

4. Conclusions

In closing, when planning a feral swine damage management
program it may be beneficial to consider several points. First, as
illustrated by numerous examples throughout this review paper,
the value of using a variety of techniques in an integrated fashion
cannot be overstated. This is particularly true for feral swine
because they often become ‘‘educated’’ and learn to evade capture
or removal when using one technique exclusively (Choquenot
et al., 1999). Second, there is value in using indices for both feral
swine populations and their damage pre and post management
activities (e.g., see Engeman et al., 2007b). These data may then be
used to monitor the progress of programs and make adjustments,
as needed. Many of the feral swine damage management programs
currently implemented in the United States (more so on private
land) lack this feedback mechanism due to the added costs.
However, as feral swine damage management programs continue
to emerge in response to burgeoning populations, the public will
increasingly demand that measures, in addition to the number of
animals removed, are used to assess program effectiveness.
Furthermore, these information may be of value for others
considering implementing management programs. Third, innova-
tive technologies, including geographic (Lavoie et al., 2007) and
genetic (DeYoung, 2008) tools, will increasing be of value in the
pursuit of feral swine damage reduction. Practitioners are
encouraged to incorporate these tools into their management
programs to the fullest extent of their skill and expertise. Lastly,
though not appropriate in every situation, there is value in
involving the public in feral swine damage management decisions
and activities, including efforts to increase public awareness of
feral swine damage (Rollins et al., 2007). In the United States, not
until society as a whole becomes more knowledgeable of the many
conflicts associated with invasive feral swine will we get serious
about resolving this complex problem.

Acknowledgements

We thank Johanna Delgado-Acevedo for comments to the
manuscript. Funding was provided by the USDA APHIS Wildlife
Services program.

References

Adams, C.E., Lindsey, K.J., Ash, S.J., 2006. Urban Wildlife Management. Taylor and
Francis Group, Boca Raton, FL, USA.

Anderson, S.J., Stone, C.P., 1993. Snaring to control feral pigs Sus scrofa in a remote
Hawaiian rain forest. Biological Conservation 63, 195–201.

Barrett, R.H., Birmingham, G.H., 1994. Wild pigs. In: Hygnstrom, S.E., Timm, R.M.
(Eds.), Prevention and Control of Wildlife Damage, vol. 2. University of
Nebraska-Lincoln Press, Lincoln, NE, USA, pp. D-65–D-70.

Barrett, R.H., Goatcher, B.L., Gogan, P.J., Fitzhugh, E.L., 1988. Removing feral pigs
from Annadel State Park. Transactions of the Western Section of The Wildlife
Society 24, 47–52.

Barrett, R.H., Pine, D.S., 1980. History and status of wild pigs, Sus scrofa, in San Benito
County, California. California Fish and Game 67, 105–117.
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